Vastus medialis cross-sectional area is associated with patella cartilage defects and bone volume in healthy women  by Berry, P.A. et al.
Osteoarthritis and Cartilage (2008) 16, 956e960
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.joca.2007.11.011
International
Cartilage
Repair
SocietyBrief report
Vastus medialis cross-sectional area is associated with
patella cartilage defects and bone volume in healthy women1
P. A. Berry B.BiomedSci. (Hons.)y, F. S. Hanna B.Sc. (Hons.), Ph.D., Dr.yz,
A. J. Teichtahl B.Physio. (Hons.), Dr.y, A. E. Wluka M.B.B.S., F.R.A.C.P., Ph.D., Dr.yx,
D. M. Urquhart B.Physio. (Hons.), Ph.D., Dr.y, R. J. Bell M.B.B.S., F.R.A.C.P., Ph.D.,
Associate Professorz, S. R. Davis M.B.B.S., F.R.A.C.P., Ph.D., Professorz and
F. M. Cicuttini M.B.B.S., F.R.A.C.P., Ph.D., Professory*
yDepartment of Epidemiology and Preventive Medicine, Central and Eastern Clinical School,
Monash University, Melbourne, Victoria 3004, Australia
zWomen’s Health Program, Department of Medicine, Central and Eastern Clinical School,
Monash University, Alfred Hospital, Prahran, Victoria, Australia
xBaker Heart Research Institute, Commercial Road, Melbourne, Australia
Summary
Objectives: Although vastus medialis and vastus lateralis are important muscular determinants of patellofemoral joint function, it is unclear
how these muscles relate to the structure of the patellofemoral joint. The aim of this cross-sectional study was to determine the relationship
between the vasti muscles and patella cartilage volume and defects and patella bone volume.
Methods: One hundred and seventy-ﬁve women, aged 40e67 years, with no knee pain or clinical lower-limb disease had magnetic resonance
imaging (MRI) of their dominant knee. The cross-sectional areas of the distal vastus medialis and lateralis were measured 37.5 mm superior to
the quadriceps tendon insertion at the proximal pole of the patella. Patella cartilage volume and defects and patella bone volume were
measured from these images using validated methods.
Results: There was no signiﬁcant association between the distal vastus medialis cross-sectional area and patella cartilage volume. For every
1 mm2 increase in the distal vastus medialis cross-sectional area, there was an associated increased risk of patella cartilage defects [odds
ratio (OR): 1.2; 95% conﬁdence interval (CI) 1.004, 1.5; P¼ 0.05], and an associated increase in patella bone volume (OR: 3.9; 95% CI
2.0, 5.8; P< 0.001) after adjustment for potential confounders. There was no signiﬁcant relationship between vastus lateralis cross-sectional
area and measures of patella cartilage or bone.
Conclusion: An increased cross-sectional area of the distal portion of the vastus medialis muscle is associated with an increased risk of patella
cartilage defects, and an increase in patella bone volume among healthy women. Although these results need to be conﬁrmed in longitudinal
studies, they suggest that an increase in the distal vastus medialis cross-sectional area is associated with structural change at the
patellofemoral joint.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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956vastus medialis and vastus lateralis have been recognised
as major contributors to patellofemoral joint function1.
A major role of these muscles is to facilitate restraint of pa-
tella in medial and lateral directions, respectively, which
contributes to joint congruency between the articular sur-
faces of the patella and the femur1. Therefore, it is not sur-
prising that abnormalities in the vasti muscles have been
linked to patellofemoral pathologies, including maltracking
and pain syndromes2,3. In particular, electromyography
studies have shown that delayed activation of vastus medi-
alis oblique, relative to vastus lateralis, occurs in people
with patellofemoral pain syndrome4, and may also contrib-
ute to the risk of patellofemoral subluxation/dislocation5.
However, no signiﬁcant differences in the timing of the vasti
muscles have been described in people with6 or without pa-
tellofemoral osteoarthritis (OA)7. It is also unclear how other
parameters of the vasti musculature contribute towards
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states.
The cross-sectional area of a muscle has been validated
as a measure of the force producing capability of that mus-
cle8. For instance, the cross-sectional area of the quadri-
ceps muscle group at the mid-thigh was shown to be
related to the maximal voluntary knee extensor force
when measured by magnetic resonance imaging
(MRI)9e12 and computed tomography13. In unilateral patel-
lofemoral pain syndrome, the cross-sectional area of the
quadriceps was signiﬁcantly less in the affected symptom-
atic knee when compared with the unaffected knee10.
Despite these ﬁndings, no study has examined the rela-
tionship between cross-sectional area of the distal
vasti muscles and patellofemoral joint structures including
cartilage and bone.
The aim of this study was to determine the relation-
ships between the cross-sectional area of the distal vasti
musculature and patella cartilage and bone volume, as
well as patella cartilage defects, among healthy women
with no knee pain or clinical disease.
MethodsSUBJECTSEligible participants were part of a previous cross-sectional study, having
been recruited from a database established from the Victorian state electoral
roll (Australia), between April 2002 and August 200314. Women were eligible if
they were aged 40e67 years, had not had a hysterectomy and had agreed to
be recontacted regarding further research studies. Women who had experi-
enced signiﬁcant knee pain or injury in the last 5 years that necessitated treat-
ment by health professional, or had required rest for more than 1 day were
excluded. Subjects with a contraindication to having a MRI scan, such as
the presence of a pacemaker, metal sutures, iron ﬁlings in the eye or claustro-
phobia were also excluded. Of the initial 355 women contacted, 176 were el-
igible to participate. One subject was excluded as the quality of the MRI was
insufﬁcient to allow measurement of the vasti muscles. The study was
approved by the Southern Health Human Research and Ethics Committee
and the Monash University Human Research and Ethics Committee, Clayton,
Victoria, Australia. All participants gave written informed consent.DATA COLLECTIONWeight was measured to the nearest 0.1 kg using a single pair of elec-
tronic scales with shoes, socks and bulky clothing removed. Height was
measured to the nearest 0.1 cm using a stadiometer with shoes and socks
removed. Body mass index (BMI) (weight/height2 [kg m2]) was calculated.
Participation in fortnightly exercise was assessed by asking whether or not
a subject had undertaken at least 20 min of exercise that was severe enough
to raise their heart rate, or had caused them to breathe faster (e.g., bicycling,
brisk walking, jogging, aerobics, etc.,).MRIMRI was performed on each subject’s dominant knee (deﬁned as the
lower-limb the subject used to step-off from when initiating walking) between
October 2003 and August 2004. Knees were imaged in the sagittal plane on
a 1.5-T whole body magnetic resonance (MR) unit (Philips 1.5 T Intera,
Philips Medical Systems, Eindhoven, The Netherlands) using a commercial
transmitereceive extremity coil. The following sequence parameters were
used: a T1-weighted fat suppressed 3D (three dimensional) gradient recall
acquisition in the steady state; ﬂip angle 55; repetition time 58 ms; echo
time 12 ms; ﬁeld of view 16 cm; 60 partitions; 512 196 matrix; one acquisi-
tion time 11 min 56 s. Sagittal images were obtained at a partition thickness
of 1.5 mm and an in-plate resolution of 0.31 0.83 mm (512 196 pixels).
The image data were transferred to a workstation.Distal vastus medialis and vastus lateralis cross-sectional areas
The sagittal MR images were reformatted in the axial plane with a partition
thickness of 1.25 mm and an in-plane resolution of 0.31 0.31 mm
(512 512 pixels). The distal vastus medialis and vastus lateralis cross-
sectional areas were measured directly from these axial images by a trainedobserver by manually drawing disarticulation contours around the muscle
boundaries using the independent workstation software Osiris (Digital
Imaging Unit, University Hospital of Geneva, Geneva, Switzerland). The
cross-sectional areas of vastus medialis and vastus lateralis were measured
at the MR slice 37.5 mm superior to the quadriceps tendon insertion at the
proximal pole of the patella (Fig. 1). This slice was orthogonal to the long
axis of the leg. We did not quantify intramuscle fat from the images, and
thus the area represents the gross cross-sectional area of the distal vasti
muscles.
The intraobserver reliability for the distal vastus medialis cross-sectional
area was assessed on 20 subjects. One observer repeated the measures
on the same 20 subjects 1 week later. The intraobserver reliability for the dis-
tal vastus medialis cross-sectional area and vastus lateralis cross-sectional
area (expressed as ICC) was 0.99 and 0.99, respectively.
Cartilage and bony properties
Patella cartilage and bone volumes were determined by manually drawing
disarticulation contours around the patella boundaries on images 1.5 mm
apart on sagittal views, using image processing on an independent worksta-
tion using the Osiris software (Digital Imaging Unit, University Hospital of
Geneva, Geneva, Switzerland). Measurement of patella cartilage volume
has previously been validated against direct anatomical dissection of carti-
lage15. One trained observer measured patella cartilage and bone volume
in duplicate on 20 randomly selected subjects. The intraobserver reliability
(expressed as ICC) was 0.92 and 0.89 for patella cartilage and bone volume,
respectively.
Cartilage defects were graded on the MR images with a modiﬁcation of
a previous classiﬁcation system at the patellofemoral site16e18. A prevalent
cartilage defect was deﬁned as a cartilage defect score of 2 on two consec-
utive slices. The cartilage defects (0e4) were graded by one observer on two
occasions at the patellar sites as previously described (7e9): grade 0,
normal cartilage; grade 1, focal blistering and intracartilaginous low-signal
intensity area with an intact surface and bottom; grade 2, irregularities on
the surface or bottom and loss of thickness of less than 50%; grade 3,
deep ulceration with loss of thickness of more than 50%; grade 4, full-thick-
ness chondral wear with exposure of subchondral bone. The reader was un-
aware of the initial result at the time of the second reading. A cartilage defect
also had to be present in at least two consecutive slices. If there existed mul-
tiple defects at one site (uncommon in this sample), we selected the highest
grade to represent the cartilage defect score in that site. This type of defect
evaluation is highly correlated with histological19 and arthroscopic16 ﬁndings.
The cartilage defects were re-graded 1 month later and the average scores
of cartilage defects at the patellar (0e4) were used in the study. Intraob-
server reliability for the patellar compartment (expressed as ICC) was 0.94
for total score.STATISTICAL ANALYSISOutcome variables (patellar cartilage volume and bone volume) were
initially assessed for normality before being regressed against distal vastus me-
dialis and vastus lateralis cross-sectional areas. Univariate and then multiple
linear regression models were used for continuous outcome variables including
patella cartilage and bone volume, and logistic regression for the dichotomous
outcome of patella cartilage defect. Known confounders were adjusted for in
both linear and logistic multivariate regression analyses. All analyses were
performed using the SPSS statistical package (standard version 14.0, SPSS,
Chicago, IL, USA). A P value of less than 0.05 was considered to be statisti-
cally signiﬁcant.Results
The characteristics of the 175 subjects are shown in
Table I. The mean (standard deviation [SD]) age of the
cohort was 52 (6.6) years, while the average (SD) BMI
was 27.1 (5.5) kg m2.DISTAL VASTUS MEDIALIS CROSS-SECTIONAL AREA
AND PATELLA CARTILAGE AND BONEThere were no signiﬁcant associations between vastus
medialis cross-sectional area and patella cartilage volume
in either univariate [95% conﬁdence interval (CI) 0.2,
0.5] (P¼ 0.5) or multivariate (95% CI 0.5, 0.2) (P¼ 0.3)
analyses. After adjusting for confounders including age,
BMI and patella bone volume, for every 1 mm2 increase in
Fig. 1. Axial 3D T1-weighted fat-saturated MR image reformatted from sagittal image showing measurement of distal vastus medialis (Roi-1)
and vastus lateralis (Roi-2) cross-sectional area, at a slice 37.5 mm superior to the quadriceps tendon insertion at the proximal pole of the
patella.
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an increased risk for the presence of patella cartilage
defects (odds ratio [OR]: 1.2; 95% CI 1.004, 1.5; P¼ 0.05)
(Table II). In univariate analysis, there was a signiﬁcant as-
sociation between the distal vastus medialis cross-sectional
area and patella bone volume (95% CI 0.9, 4.6) (P¼ 0.004),
which persisted after adjusting for age and BMI (95% CI 2.0,
5.8) (P< 0.001) (Table II) and also if height and weight were
used in the multivariate model instead of BMI (data notTable I
Characteristics of study subjects
Total (n¼ 175) Range
Age (years) 52 (6.6) 40e67
Height (cm) 164.0 (6.4) 146e182
Weight (kg) 72.7 (14.1) 46e127
BMI (kgm2) 27.0 (5.5) 16.1e51.5
Vastus medialis cross-sectional
area (cm2)
10.7 (2.2) 5.6e21.9
Vastus lateralis cross-sectional
area (cm2)
3.2 (1.1) 0.3e5.9
Patella cartilage volume (cm2) 25.4 (5.5) 11.3e41.6
Presence of patella cartilage
defects
63 (36%)
Patella bone volume (ml) 19.3 (2.8) 13.5e28.8
Participation in fortnightly exercise
signiﬁcant enough to increase
heart and respiratory rate
for 20 min or more (%)
138 (77.5%)
Values are reported as mean (SD) at baseline unless otherwise
stated.shown). Adjusting for physical activity in each of the
multivariate models did not signiﬁcantly affect the results
(data not shown).VASTUS LATERALIS CROSS-SECTIONAL AREA
AND PATELLA CARTILAGE AND BONENosigniﬁcant associationswere observed between vastus
lateralis cross-sectional area and patella cartilage volume
(95% CI 0.08, 1.2) (P¼ 0.09), bone volumes (95% CI
4.2, 3.4) (P¼ 0.8) or the presence of patella cartilage
defects (OR: 1.03, 95% CI 0.7, 1.5, P¼ 0.9) (Table II).
Adjusting for physical activity in the multivariate models did
not signiﬁcantly affect the results (data not shown).Discussion
We have shown that an increase in the cross-sectional
area of the distal portion of vastus medialis is associated
with an increased risk of patella cartilage defects and
patella bone volume among healthy women. No signiﬁcant
associations were observed between the vastus lateralis
cross-sectional area and patella structures. These results in-
fer that an increased distal vastus medialis cross-sectional
area may be associated with early asymptomatic degenera-
tive patellofemoral disease.
Despite the role of the vasti muscles in patellofemoral joint
function1, no previous study has examined the relationship
between the vasti cross-sectional area and patella morphol-
ogy in either healthy or diseased states. A previous study
found that among subjects with unilateral patellofemoral
Table II
The relationship between vasti muscle cross-sectional area, and cartilage and bony properties of the patella
Univariate analyses
(95% CI)
P value Multivariate analyses
(95% CI)
P value
Vastus medialis cross-sectional area
Cartilage volume (mm3) 0.1 (0.2, 0.5)y 0.5 0.2 (0.5, 0.2)z 0.3
Presence of cartilage defects (OR)*,x 1.08 (0.9, 1.2)x 0.3 1.2 (1.004, 1.5)k 0.05
Bone volume (mm3) 2.7 (0.9, 4.6){ 0.004 3.9 (2.0, 5.8)** <0.001
Vastus lateralis cross-sectional area
Cartilage volume (mm3) 0.5 (0.2, 1.3)y 0.2 0.6 (0.08, 1.2)z 0.09
Presence of cartilage defects (OR)* 0.94 (0.7, 1.3)x 0.7 1.03 (0.7, 1.5)k 0.9
Bone volume (mm3) 0.48 (4.3, 3.4){ 0.8 0.4 (4.2, 3.4)** 0.8
*Data displayed as odds ratio.
yChange in patella cartilage volume (mm3) per unit increase in respective muscles cross-sectional area.
zAs above after adjustment for age, BMI and patella bone volume (mm3) in the regression equation.
xOdds ratio for the presence of cartilage defects per unit increase in respective muscles cross-sectional area.
kAs above after adjustment for age, BMI and patella cartilage volume (mm3) in the regression equation.
{Change in patella bone volume (mm3) per unit increase in respective muscles cross-sectional area.
**As above after adjustment for age and BMI in the regression equation.
959Osteoarthritis and Cartilage Vol. 16, No. 8pain syndrome, both the cross-sectional area and the torque
producing capability of the quadriceps in the mid-thigh was
smaller in the affected limb when compared with the unaf-
fected limb10. Previous studies that have focussed on the
vasti muscles have used electromyography to assess the re-
lationship between the neuromotor control of the vasti mus-
cles and patellofemoral pathology20e22. Delayed activation
of vastus medialis oblique, relative to vastus lateralis, occurs
in people with patellofemoral pain syndrome4, and may con-
tribute to the risk of patellofemoral subluxation/dislocation5.
However, no difference in the timing of the onset of the vasti
musculature was observed in healthy subjects7 or those with
knee OA6. These ﬁndings suggest that whilst abnormalities
in neuromotor control, particularly delayed activation of
vastus medialis, may be important in the pathogenesis of pa-
tellofemoral pain syndrome, neuromuscular timing of the
vasti muscles may not be as important in the development
of patellofemoral OA. Indeed, our study has demonstrated
that other muscular factors, such as the cross-sectional
area of the distal vastus medialis may be an important deter-
minant of early features of patellofemoral degeneration,
such as cartilage defects and bony enlargement.
Previous studies have indicated that vastus medialis
deﬁciencies are important in the pathogenesis of patellofe-
moral pathologies including pain and instability, which are
commonly observed in youth23. We have examined women
aged 40e67 years with no history of knee pain and
pathology and although the link between patellofemoral
pain syndrome and OA is equivocal24, it is plausible that
the distal vasti cross-sectional area which was associated
with cartilage defects in these middle-aged subjects, acted
to protect against patellofemoral pain syndrome during
adolescence and young adulthood. However, these claims
are speculative and longitudinal studies are required to
substantiate these hypotheses.
It is unclear how an increased cross-sectional area of the
distal portion of vastus medialis is associated with an
increased risk of patella cartilage defects and an increase
in patella bone volume. Cartilage defects are common in
both healthy25e28 and arthritic subjects29,30 and have
been shown to predate cartilage volume reduction at the
patellofemoral joint31, suggesting these lesions reﬂect early
asymptomatic degenerative change. Although bony
enlargement is a feature of tibiofemoral OA32, no study
has examined whether bony enlargement of the patella isa feature of patellofemoral OA. It is well established that
increased cross-sectional area of a muscle is associated
with the force producing capability of that muscle8. The
potential increase in force exerted across the patellofemoral
joint, associated with the increased cross-sectional area of
the distal vastus medialis, may mediate deleterious joint
changes. For example, the association between increased
distal vastus medialis cross-sectional area and increased
patella bone volume may be an example of Wolff’s law33,
which states that bone will adapt to increased load, by
remodelling itself over time to increase bone mass. It may
be that such increased forces also increase the risk of
cartilage defects. However, due to the cross-sectional
nature of this study, it is also possible that distal vastus me-
dialis hypertrophy is a compensatory mechanism aimed at
minimising further joint damage, such as the as evidenced
by development of cartilage defects and bony enlargement,
which were occurring among asymptomatic healthy people.
This study may have been limited by our method for
assessing the cross-sectional area of the vasti musculature.
Previous studies that have examined the cross-sectional
area of the quadriceps have used the mid-thigh level to
assess the maximum force producing capability of the
quadriceps muscle group11e13. We chose to measure the
cross-sectional area of the vasti muscles within the quadri-
ceps group since they are well recognised determinants of
patellofemoral joint function. Moreover, given that the aim of
our study was to examine the patellofemoral joint, we chose
to measure the distal portion of the vasti muscles. The
physiological cross-sectional area (PCSA), which is calcu-
lated from the muscle’s volume, optimal ﬁbre length and
pennation angle, is a measure that has previously been
employed to investigate muscle force relationships in MRI
studies8,34. However, since the PCSA calculation requires
imaging of the entire length of the muscle ﬁbre, which would
be a costly and timely exercise, we were unable to examine
the PCSA in this study. Nevertheless, no other study has
examined the cross-sectional area of the vasti musculature
in the context of the patellofemoral joint, and as such, no
standard protocol has been established. We developed
and deﬁned a reproducible method of measuring the cross-
sectional area of the distal vasti musculature.
We examined healthy women without a history of knee
pain, and therefore are likely to have examined a population
whose risk for patellofemoral pain syndrome and instability
960 P. A. Berry et al.: Vastus medialis with patella structurewas low. Nevertheless, our results can only be generalised
to healthy women and cannot be interpreted in the context
of patellofemoral pathology or pain. Moreover, because of
the cross-sectional nature of this study, we could not deter-
mine cause and effect. Future longitudinal studies are re-
quired to examine the relationship between the vasti
musculature in both men and women, and those with a
history of patellofemoral pathology. Furthermore, future
studies may beneﬁt from the examination of other patello-
femoral joint features, such as the femoral sulcus angle
and patella tilt, when investigating the relationship between
the distal vasti cross-sectional area and patellofemoral joint
morphology.
This study has demonstrated that an increased cross-
sectional area of the distal portion of vastus medialis is
associated with an increased risk of patella cartilage defects
and an increase in patella bone volume among healthy
middle-aged women with no history of knee pain or pathol-
ogy. Although these cross-sectional results will need to be
conﬁrmed in longitudinal studies and in the context of other
patella instability parameters, they suggest that an increase
in the distal vastus medialis cross-sectional area is associ-
ated with structural change at the patellofemoral joint.Conﬂict of interest
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